a Isovalency rationalizes fundamental chemical properties of elements in the same group, but often fails to account for differences in the molecular structure due to the distinct atomic sizes and electron-pair repulsion of the isovalent atoms. With respect to main group V, saturated hydrides of nitrogen are limited to ammonia (NH 3 ) and hydrazine (N 2 H 4 ) along with ionic and/or metal-bound triazene (N 3 H 5 ) and potentially tetrazene (N 4 H 6 ). Here, we present a novel approach for synthesizing and detecting phosphanes formed via non-classical synthesis exploiting irradiation of phosphine ices with energetic electrons, subliming the newly formed phosphanes via fractionated sublimation, and detecting these species via reflectron time-of-flight mass spectrometry (ReTOF) coupled with vacuum ultraviolet (VUV) single photon ionization. This approach is able to synthesize, to separate, and to detect phosphanes as large as octaphosphane (P 8 H 10 ), which far out-performs the traditional analytical tools of infrared spectroscopy and residual gas analysis via mass spectrometry coupled with electron impact ionization that could barely detect triphosphane (P 3 H 5 ) thus providing an unconventional tool to prepare complex inorganic compounds such as a homologues series of phosphanes, which are difficult to synthesize via classical synthetic methods.
Introduction
Ever since Langmuir devised the concept of isovalency in 1919, 1 this framework has presented a fundamental pillar of chemistry and elucidates the periodic property that elements in the same group with an identical valence electron configuration hold similar chemical properties. Isovalency has been exploited to understand the chemical formulas, reaction mechanisms, and even molecular geometries for a vast array of chemical compounds. For instance, the molecular formulas for hydrides of main group V elements -ammonia (NH 3 ), phosphine (PH 3 ), arsine (AsH 3 ), stibine (SbH 3 ), and bismuthine (BiH 3 ) -can be rationalized by the ns 2 np 3 valence electron configuration of the central atoms. However, factors related to the atomic radius as well as bonding and non-bonding atomic orbitals have shown to result in distinct molecular structures. 2, 3 These differences are most evident considering the elemental forms of the first two members of main group V: nitrogen and phosphorus. Molecular nitrogen exists as a diatomic molecule (N 2 ) in the gas phase, while white phosphorus is composed of P 4 tetrahedrons occurring in the liquid and gas phase and exists in equilibrium with diatomic phosphorus (P 2 ) at elevated temperatures above 1070 K. 4 An evaluation of the molecular structures of the hydrides of nitrogen and phosphorus demonstrates simultaneously the validity, but also the shortcomings of the isovalency concept. The two simplest azanes (N n H n+2 ; n = 1, 2) and phosphanes (P n H n+2 ; n = 1, 2) have been known for more than a century. The molecular formula of the most common and least toxic azaneammonia (NH 3 ) -was determined in 1785 5 with phosphine
Despite the isovalency between nitrogen and phosphorus, far larger hydrides of phosphorus have been detected. 11 Triphosphane (P 3 H 5 ) was first probed via Raman spectroscopy as a transient species 12 and was also isolated for preparative studies. 13 Heated mixtures of diphosphine (P 2 H 4 ) and triphosphane (P 3 H 5 ) produced traces of tetraphosphane (P 4 H 6 ), which could not be purified due to rapid disproportionation. Further heating lead to the formation of poorly defined mixtures of pentaphosphane (P 5 H 7 ), hexaphosphane (P 6 H 8 ), and heptaphosphane (P 7 H 9 ), which could not be separated due to the thermal instability of higher phosphanes. Octaphosphane (P 8 H 10 ) and nonaphosphane (P 9 H 11 ) were only identified tentatively. 11 The fact that phosphorus can form more complex hydrides than nitrogen illustrates that additional factors beyond isoelectronicity affect the chemistry of these elements, such as the established tendency of nitrogen to favor the formation of multiple bonds due to the smaller radius of the nitrogen atom (71 pm) compared to phosphorus (109 pm). 14 However, despite the tentative identification of higher phosphanes, their underlying synthetic pathways together with their explicit isolation and protocols to their clean preparation have not been established to date. Here, we demonstrate that phosphanes up to octaphosphane (P 8 H 10 ) can be efficiently prepared and thereafter separated via fractionated sublimation upon exposure of phosphine ices to energetic electrons at ultralow temperatures of 5.5 K. The low temperature was chosen to minimize thermal chemistry in the ice. Reflectron time-of-flight (ReTOF) mass spectroscopy coupled with 'soft' single vacuum ultraviolet (VUV) photon ionization at 10.49 eV is applied to explicitly identify the molecular formulas of the newly synthesized phosphanes on line and in situ upon their sublimation into the gas phase upon warming of the irradiated Fig. 1 Infrared spectrum of pre-irradiated solid phosphine taken at 5.5 K. target to 300 K. Our study presents clear evidence of higher molecular mass phosphanes thus providing a clean route to their formation up to octaphosphane (P 8 H 10 ) via exposure of phosphine ices to energetic electrons followed by fractionated sublimation of the phosphanes. This study further provides a proof of concept for a novel adaption of ReTOF mass spectroscopy coupled with VUV single-photon ionization to form and to identify inorganic molecules, which are difficult to synthesize via classical synthetic methods.
Experimental section
The experiments were conducted in a contamination-free ultrahigh vacuum stainless steel chamber evacuated to a few 10
À11
Torr using oil-free turbomolecular pumps and dry scroll backing pumps, which has been described previously. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] Briefly, a silver mirror substrate is mounted onto a rotatable cold finger made of oxygen-free high-conductivity copper (OFHC) cooled to 5.5 K AE 0.1 by a closed-cycle helium refrigerator (Sumitomo Heavy Industries, RDK-415E). Phosphine (Sigma-Aldrich, 99.9995%) was condensed onto the substrate through a glass capillary at a pressure of 5 Â 10 À8 Torr at thicknesses of 920 AE 20 nm [25] [26] [27] (ESI †). The refractive index (n PH 3 ) of solid phosphine necessary to calculate the thickness was experimentally determined exploiting laser interferometry by two helium-neon lasers 28 to be n PH 3 = 1.51 AE 0.04. The ices were isothermally irradiated with 5 keV electrons . The strongest peak intensity is shown on the left in italics, and colored lines trace sublimation events that occur at the same temperature. The peak shape of phosphine (m/z = 34) results from detector saturation. . During the sublimation, the molecules were probed via reflectron time-of-flight mass spectrometry (Jordan TOF Products, Inc.) after photoionization (ReTOFMS-PI) at 118.2 nm (10.49 eV). 15 Here, the pulsed (30 Hz) coherent vacuum ultraviolet (VUV) light was generated via four wave mixing using xenon (99.999%) as a nonlinear medium. The third harmonic (354.6 nm) of a high-power pulsed neodymium-doped yttrium aluminum garnet laser (Nd:YAG, Spectra Physics, PRO-250, 30 Hz) underwent a frequency tripling process (o vuv = 3o 1 ) to obtain the 118.2 nm photons at levels of B10 14 VUV photons per pulse. 20 The xenon was pulsed into an evacuated mixing chamber at an operating pressure of 3 Â 10 À4 Torr. The VUV light was separated from the fundamental using a lithium fluoride (LiF) plano-convex lens 31 (ISP Optics, LF-PX-38-150) based on distinct refractive indices of the lens material for different wavelengths and then directed 1 mm above the ice surface. 20 The photoionized molecules were then directed toward the focusing regions by a repeller plate (held at ground) and an extraction plate (À190 V) with the field between the repeller and extraction plates held at a voltage of À210 V. Mass-to-charge ratios were determined based on the arrival time of the ions at a multichannel plate; the signal was amplified with a fast preamplifier (Ortec 9305) and recorded using a bin width of 4 ns, which was triggered at 30 Hz (Quantum Composers, 9518). Sublimation temperatures as a function of mass observed using the ReTOF mass spectrometer. Blue squares represent phosphanes that were directly observed, while red circles represent phosphanes that were indirectly identified from predicted mass fragments. The five observed phosphanes were used to create the solid trend line, while the dashed line shows the projection of this trend line at higher masses. 
Theoretical methods
The structural isomers and adiabatic ionization energies from PH 3 to P 8 H 10 were investigated with ab initio electronic structure calculations. The optimized geometries and harmonic frequencies of the neutral and ionic species were obtained with the hybrid density functional theory, B3LYP/cc-pVTZ. [32] [33] [34] [35] Their energies were refined further by utilizing the CCSD(T)/cc-pVTZ with B3LYP/cc-pVTZ zero-point energy corrections. [36] [37] [38] [39] The adiabatic ionization energy of each species was then computed by taking the energy difference between the neutral and ionic counterparts; this procedure reproduced the ionization energies within AE0.1 eV. 40 Fig. 1 and 2) . The absorptions at 1061 cm À1 and at 2294 cm À1 , which are easily recognizable in the post-irradiation infrared spectrum recorded at 5.5 K, could be assigned to diphosphine (P 2 H 4 ) ( Fig. 2 top) ; these data agree very well with previous literature data at 1052 cm À1 and 2299 cm À1 . 43 No additional new absorption features were observable at 5.5 K. Upon annealing the irradiated ices to 85 K, the phosphine ice (PH 3 ) fully sublimed, and the 1061 cm À1 and at 2294 cm À1 absorptions attributed to diphosphine (P 2 H 4 ) became easily identifiable (Fig. 2 center) . Upon annealing to 130 K, diphosphine (P 2 H 4 ) sublimed completely, and absorption features of triphosphane (P 3 H 5 ) emerged at 1059 cm À1 (H-P-P bending), 2264 cm À1 (P-H stretching), and 2288 cm À1 (P-H stretching) (Fig. 2 bottom) . 44 After the sublimation of triphosphane (P 3 H 5 ) at 165 K, a broad absorption from 2310 cm À1 to 2280 cm À1 characteristic of the P-H stretching in higher phosphanes remains. These spectra demonstrate the limitations of distinguishing higher molecular weight phosphanes exploiting infrared spectroscopy since the most intense absorption of all phosphanes -the P-H stretching modeoccurs over a narrow spectral range. For the remainder of the heating process, these absorptions slowly decayed into the baseline and disappeared near 300 K. 4.1.2. Quantitative analysis -reaction pathways. Having assigned the absorptions first qualitatively, we are now attempting to elucidate the underlying decomposition (reactant) and formation pathways of the product(s). For this, we traced the temporal profiles of the phosphine reactant and also of the deconvoluted bands of the products during the irradiation (Fig. 3) and utilized a set of coupled differential equations to numerically fit these temporal profiles, i.e. the column density of the reactant/product(s) versus the irradiation time. To determine the column density of phosphine, the n 2 fundamental at 983 cm À1 was exploited since the n 1 and n 3 modes overlap with the P-H stretching modes of the reaction product(s) (ESI †). The n 11 fundamental at 1061 cm À1 was used to determine the column density of diphosphine (P 2 H 4 ). Since this mode overlaps slightly with n 4 mode of phosphine, the peak areas of the n 11 and n 4 modes were determined by deconvoluting the spectra. 45 Two reaction schemes were explored to fit the column densities with the resulting rate constants listed in Table 2 . Eqn (1) proposes a first order decay of phosphine dimers (PH 3 ) 2 in the condensed phase leading to diphosphine (P 2 H 4 ) plus atomic/molecular hydrogen followed by the subsequent reaction of diphosphine (P 2 H 4 ) to higher order phosphanes. Eqn (2) probes the decomposition of second order decay of phosphine (PH 3 ) to diphosphine (P 2 H 4 ) plus atomic/molecular hydrogen followed once again by the transformation of diphosphine (P 2 H 4 ) to higher order phosphanes.
(PH 3 ) 2 -P 2 H 4 + 2H/H 2 P 2 H 4 -products (1)
The results as compiled in Table 3 show that both reaction schemes fit the decay of phosphine (PH 3 ) and the rise profile of diphosphine (P 2 H 4 ) equally well. Note that it was important to include a reaction pathway from diphosphine (P 2 H 4 ) to higher order phosphanes to avoid an overproduction of diphosphine (P 2 H 4 ) at longer irradiation times. diphosphine were destroyed and produced, respectively, during the electron irradiation. This was derived based on a comparison of the infrared spectra taken before and after the electron irradiation. This leads to a production rate of 9.4 AE 0.8 Â 10 À2 molecules eV À1 at 5.5 K and a diphosphine yield of 6.9 AE 0.6% with respect to phosphine. The formation of diphosphine accounts for 89 AE 4% of the phosphorus from the destroyed phosphine reactant. Therefore, 11 AE 4% of the phosphine has to be converted to hitherto unidentified higher order phosphanes containing more than two phosphorus atoms. The formation of higher phosphanes is also in line with a destruction pathway of diphosphine to higher phosphanes required to avoid an overproduction of diphosphine at longer irradiation times (Section 4.1.2).
Reflectron time-of-flight mass spectroscopy (ReTOF)
Despite the FTIR spectra, with the exception of diphosphine (P 2 H 4 ), these data alone cannot identify individual higher phosphanes because the group frequencies, for instance of the P-H stretches and bending modes, overlap significantly. We thus turned to the complementary, highly sensitive ReTOFMS-PI technique to identify individual phosphanes based on their massto-charge ratios and the sublimation temperatures upon annealing of the irradiated ices to 300 K. Fig. 4 depicts the ReTOF mass spectra as a function of temperature during the warm up phase after irradiating the phosphine ices obtained by photoionizing the subliming molecules with 10.49 eV photons. The spectra display the intensity of the ion counts of the photoionized products subliming into the gas phase at well-defined temperatures. Here, ions with mass-to-charge ratios up to m/z = 225 are observable. The temperature programmed desorption (TPD) profiles of the individual ions are compiled in Fig. 5 ; these TPD spectra are color coded to highlight to what extent ions at lower mass-tocharge ratios originate as fragment ions from corresponding higher mass species. Identical TPD profiles of ions at two distinct mass-to-charge ratios in a well-defined temperature range indicate that both species originate from a common parent and correspond to molecular fragment ions.
As expected from the infrared data, phosphine (PH 3 ) and diphosphine (P 2 H 4 ) can be identified with the ReTOFMS-PI technique via their parent ions at m/z = 34 (PH 3 + ) and 66 (P 2 H 4 + ) ( Fig. 5 and Table 3 ). Here, phosphine (PH 3 ) can fragment to m/z = 33 (PH 2 + ), 32 (PH + ), and 31 (P + ) as well, diphosphine (P 2 H 4 )
does not fragment at all upon 10.49 eV photoionization, and the signal at m/z = 67 can originate from P 2 DH 3 + and/or P 2 H 5 + potentially formed via proton transfer from PH 4 + . Further, higher order phosphanes can be identified. These are triphosphane (P 3 H 5 ) assigned via its parent peak at m/z = 98 (P 3 H 5 + )
and the fragments at m/z = 65 (P 3 H 3 + ), 64 (P 3 H 2 + ), and 35 (PH 4 + ).
It is important to note that as the molecular mass increases from 34 amu (PH 3 ) via 66 (P 2 H 4 ) to 98 (P 3 H 5 ), the onset of the sublimation also rises from 63 K via 99 K to 130 K (Fig. 6) . It is notable that beginning with tetraphosphane (P 4 H 6 ), fragmentation of the parent upon photoionization becomes significant; the intensities of the fragment ions are always higher than the respective molecular parent ions. These fragmentation patterns become more pronounced at higher masses. While the singly ionized tetraphosphane (P 4 H 6 ) (m/z = 130) holds an abundance of about 50% with respect to the fragments at m/z = 96 (P 3 H 3 + ) and 97 (P 3 H 4 + ), the relative abundance of the parent ion of pentaphosphane (P 5 H 7 ) depicts an intensity of only about 10% compared to their most intense fragments at m/z = 129 (P 4 H 5 + ).
Beginning with hexaphosphane (P 6 H 8 ), fragmentation occurs to such an extent that the molecular ion can no longer be directly observed. However, the characteristic phosphane fragmentation pattern of PH 2 -loss, which produces the largest fragments of P 5 H 7 and P 4 H 6 and the second largest fragment, due to slightly more PH 3 -loss fragmentation, of P 3 H 5 , continues with fragment ions m/z = 161 (P 5 H 6 + ), 193 (P 6 H 7 + ), and 225 (P 7 H 8 + ), which correlate to parent compounds hexaphosphane (P 6 H 8 ), heptaphosphane (P 7 H 9 ), and octaphosphane (P 8 H 10 ). Since these larger phosphanes were not directly observed via their molecular ions, their fragments' sublimation temperatures were utilized to assign the sublimation temperature of their parent compounds. A regression curve (Fig. 6 ) for the five phosphanes (PH 3 to P 5 H 7 ) directly observed via their molecular parent ions was explored and extrapolated toward higher masses; these predictions depict an excellent agreement with the assigned sublimation temperatures for the high mass phosphanes from P 6 H 8 through P 8 H 10 based on their observed fragments.
Since traditional residual gas analyzers are utilized to detect newly synthesized molecules such as phosphanes in the gas phase, we compare the ReTOF data with those obtained by a residual gas analyzer (RGA; quadrupole mass spectrometer) in electron impact mode with 100 eV electrons at an emission current of 1 mA (Fig. 7 and Table 4 ). The RGA data are consistent, but more limited than the data of the ReTOF mass spectrometer. The only products identified via the RGA are diphosphine (P 2 H 4 ) and triphosphane (P 3 H 5 ). Although the parent peak of the latter is tenuous in the RGA, it is notable Therefore, our data demonstrate that a fractionated sublimation of synthesized phosphanes combined with photoionization mass spectrometry presents an ideal, unconventional tool to identify thermally labile molecules, which are difficult to synthesize by classical 'inorganic synthetic approaches'.
Theoretical calculations
The optimized geometrical structures for distinct phosphanes and their isomers up to octaphosphane (P 8 H 10 ) (Fig. 8-10 and Table 5 ) indicate that the predicted phosphorus-hydrogen (P-H) bond lengths occur only in a narrow range from 142 to 143 pm across all compounds while the phosphorus-phosphorus (P-P) bond lengths vary from 223 to 227 pm with no significant 
Conclusion
An exposure of phosphine (PH 3 ) ices to energetic electrons produced a homologues series of saturated phosphanes as complex as octaphosphane (P 8 H 10 ). This finding is in quite contrast to isoelectronic ammonia (NH 3 ) systems, [49] [50] [51] [52] [53] leading only to hydrazine (N 2 H 4 ) as the most complex hydrogenated nitrogen compound. Despite the isovalency, similar experimental conditions (temperature, radiation exposure) have been shown to produce far larger hydrides of phosphorus than those of isoelectronic nitrogen. Here, the smaller N-N bond distance (145 pm) 54 compared to typical P-P bonds (221 pm) 43 contributes to the decreased stability of complex nitrogen-based hydrides. The method of vacuum ultraviolet (VUV) single photon ionization to detect inorganic compounds synthesized through non-classical, radiation induced synthetic pathways with the extremely sensitive ReTOFMS-PI technique has proven to be far more illuminating than traditional experiments employing only FTIR and RGA mass spectroscopic analysis to identify complex phosphanes. The latter technique limited the observations to diphosphine (P 2 H 4 ) and triphosphane (P 3 H 5 ), while compounds as large as octaphosphane (P 8 H 10 ) could be monitored using ReTOFMS-PI. Future experiments will be designed to identify The number in parentheses labels the isomer with the lowest energy isomer listed first (Fig. 8-10 ). b B3LYP/cc-pVYZ energy with zero-point correction.
c CCSD(T)/cc-pVTZ with B3LYP/cc-pVTZ zero-point energy correction.
d Reference ionization energies. [46] [47] [48] 
